Submersible investigations with the ROV Victor 6000 of some pockmark structures on the seafloor of the Congo deep-sea fan have shown that they are active venting sites of methane-rich fluids, associated with abundant fauna and carbonate crusts. Moreover, methane hydrates have been observed both outcropping and deep in the sediments in the centre of the "Regab" giant pockmark. Authigenic carbonates, mostly calcite sometimes mixed with aragonite, are cementing the sedimentary matrix components and fauna; diatoms are abundant but only as moulds, indicating that biogenic silica dissolution occurred in situ synchronous with carbonate precipitation. The occurrence of diagenetic barite and pyrite in some carbonate crusts demonstrates that they can be formed either within the sulphate/methane transition zone or deeper in sulphate-depleted sediments. The oxygen isotopic compositions of the diagenetic carbonates (3.17-6.01‰ V-PDB) indicate that precipitation occurred with bottom seawater mixed with a variable contribution of water from gas hydrate decomposition. The very low carbon isotopic compositions of the diagenetic carbonates (−57.1 to −27.75‰ V-PDB) demonstrate that carbon derives mostly from the microbial oxidation of methane.
INTRODUCTION
In cold seep marine environments, methane contained in the ascending fluids is oxidized as CO 2 by a microbial consortium of sulfate reducing bacteria and methanotrophic archea (e.g. Boetius et al., 2000; Elvert et al., 2000; Orphan et al., 2001; Valentine and Reeburgh, 2000) . The CO 2 released during this process of anaerobic oxidation of methane (AOM) is then mostly precipitated as authigenic carbonates, which form crusts and concretions within the anoxic sediments. These carbonates represent preserved archives of the AOM process and their mineralogy, geochemical and isotopic compositions provide vast information about the composition and origin of the fluids from which they have precipitated.
Various examples of authigenic carbonates from marine cold seeps have been studied worldwide in modern and past sedimentary successions (e.g. Aloisi et al., 2000; Bohrmann et al., 1998 ; Campbell et al., 2002 ; Mazzini et al., 2004 ; Peckmann et al., 2001; Peckmann and Thiel, 2004; Ritger et al., 1987; Stadnitskaia et al., 2005) . The main characteristic of these carbonates is their very low d
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C values (down to -62‰ V-PDB), which rely on the methane source of carbon.
We report new data on authigenic carbonate occurrences from giant pockmarks related to shallow gas and oil reservoirs that are located in the Congo deep-sea fan (Gay et al., 2003 , Ondreas et al., 2005 . The aims of this study were to verify if the carbonates associated with these pockmarks were precipitated via AOM process and if they record any evidence of the presence of gas hydrates which are very abundant at some of these sites.
GEOLOGICAL SETTING
The pelagic sediments covering the Congo deep-sea fan are stacked buried channellevee systems, which have deposited turbiditic sequences up to several km-thick since the early Miocene (Savoye et al., 2000; Séranne et al., 1992) . These sediments are mostly composed of silty to sandy clays containing abundant diatoms and 10 to 20 weight % pelagic carbonate (mostly coccolites). Organic content is relatively high (3 to 5 weight % on average, Khripounoff, unpublished data) originating both from high surface productivity due to huge nutrients inputs from the Congo river plume, and from terrestrial organic matter transported by the Congo river. Due to the massive terrestrial inputs by the Congo river discharge, the sedimentation rates in this area reach 10 to 20 cm/ k.y. (Ondréas et al., 2005) .
MATERIAL AND METHODS
The sedimentary material was collected at three sites ( Fig. 1) with the ROV-VICTOR during the oceanographic cruise ZAIROV-2 (2000) as a part of the ZAIANGO project (joint project IFREMER-TOTAL, Savoye et al., 2000) . At the diving sites BSR (water depth: 650 m), Astrid (water depth: 2830 m) and Regab (water depth: 3150 m), the carbonate crusts and concretions are associated with macrofauna (Fig. 2) ; the dominant species correspond to Siboglinidae tubeworms and giant bivalves (Vesicomyidae Calyptogena and Mytilidae Bathymodiolus) (Ondréas et al., 2005) . The active fluid seepage zones are characterized by patches of microbial mat comprising white sulfur oxidizing Beggiatoa mat surrounded by black reduced sediments. At a few places, seepage of oily bubbles and massive gas hydrates were observed directly at the seafloor as well as in the underlying sediments (Charlou et al., 2004; Ondreas et al., 2005) .
For this study, we selected twenty samples of carbonate crusts and concretions of various lithofacies (Table 1) . A fragment of several cm 3 was separated from each sample, dried at 60°C, and powdered in an agate mortar. The mineralogical, geochemical and isotopic analyses were performed on the same powder; prior to isotopic analyses, the powder was rinsed with distilled water to remove any trace of salts.
The mineralogy and geochemical compositions of the diagenetic carbonates have been determined by X ray diffraction (XRD) and X ray fluorescence (XRF) respectively, and have been combined with scanning electron microscope (SEM) observations. The oxygen and carbon isotopic compositions of carbonates have been measured to characterize the water and carbon sources of the fluids from which the carbonates precipitated. They are expressed in the conventional d notation defined as: 
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C is the V-PDB (Craig, 1957; Gonfiantini et al., 1995) . The CO 2 gas extracted from the carbonate by attack with 100% phosphoric acid at 25°C was analysed with a triple collector mass spectrometer (VG Sira 9). The analytical precision 2s is 0.01‰ for both d Table 1 .
RESULTS

4-1: Petrography and mineralogy
The authigenic carbonates occur generally as medium grey in color, massive or vacuolar hard crusts cementing the fauna and forming relatively flat pavements of several cm up to a few meters thick, which cover hundreds m 2 of the seafloor; other carbonate lithofacies correspond to compact cm to dm sized concretions corresponding to indurated burrows (Fig. 3 ). Many authigenic carbonates were precipitated within the sediments and their outcrop at the seafloor indicates that they were exhumed due to erosion of overlying soft sediments by deep currents activity and possibly by active methane discharge.
Three main morphological types of crusts were identified: (1) carbonate-associated with bivalve shells (Fig. 3A) , (2) partly buried massive carbonates (Fig. 3B) , and (3) carbonates fossilizing fluid conduits within the sediment ( Fig. 3C and 3D ). The carbonates that fossilize and cement the shells are composed primarily of calcite and Mg-calcite. The frequent occurrence of aragonite is mainly related to shell fragments (mussels or Vesicomyidae) included in the samples; however, aragonite is also present as large palissadic acicular crystals (Fig. 4c) . The massive crusts, by contrast, are composed mainly of Mg-calcite, barite (BaSO 4 ) occurring as a trace mineral only. Carbonates are totally absent in the reduced sediments surrounding the carbonate crusts. In areas of massive gas hydrates, the sediments are composed mainly of quartz, kaolinite and halloysite, and show the highest pyrite and pyrrhotite contents, thus indicating extreme reducing conditions. Millimetre-length Mg-calcite and aragonite grains occur within these sediments. Quartz, kaolinite and smectite are also found in the black anoxic sediments surrounding the carbonate crusts, indicating that these sediments are mainly detrital in origin. Pyrite appears to be related to iron reduction in association with microbial activity.
The sulfur content of the anoxic sediments is very low (<0.7%), especially at sites where no crust is observed. By contrast, in or near the sediments containing carbonate crusts, sulfur contents are higher, varying in the range 1.5 to 3.4%. The highest sulfur content (3.4%) was measured in the pockmark centre in sediments associated with carbonate crusts, often accompanied by the release of methane hydrates and few bubbles. These bubbles, with oily appearance, were only observed at one spot and not sampled. Sulfide levels correlate relatively well with the presence of pyrite. Otherwise, no oil was observed in the sediments or carbonates of the pockmark.
The microfacies observed with SEM reveal abundant molds of diatoms, which indicate active dissolution of biogenic silica synchronous with carbonate precipitation (Fig. 4b ). Calcite and aragonite euhedral crystals are often associated with pyrite crystals (~mm sized) either isolated or clustered in framboids (Fig. 4a, d ). In the Astrid and Regab pockmarks, authigenic barite is also present as radiating acicular crystals associated with the carbonate minerals ( Fig. 4b ). Since barite is absent in the surrounding sediments, it is postulated that barium is brought by the diagenetic fluids.
3-2: Geochemical composition
Major and trace element analyses were performed on samples using X-Ray fluorescence techniques. Results of analyses are presented in Table 1 . Calcium concentration is between 37 and 53%. Massive carbonates, primarily made of Mg-calcite, have Mg concentration close to 5%. In the mixture of carbonate and shells where aragonite dominates over the other carbonates, Mg concentrations are much lower, generally less than 1%. Fe and Mn are at extremely low concentrations. Concentrations of SiO 2 (2 to 13%) and Al 2 O 3 (0.9 to 4%) are indicative of small and variable proportions of clay minerals and quartz from the sediment incorporated during crust formation. Surrounding sediments are characterized by relatively homogeneous concentrations in SiO 2 (41 to 44%) and Al 2 O 3 (15 to 20%). Barium concentration ranges between 53 and 75817 ppm and is directly related to the occurrence of barite.
3-3: Oxygen and carbon stable isotopes:
The isotopic compositions of the authigenic carbonate crusts and concretions from the Congo deep-sea fan show a very large dispersion (Fig. 5) 
DISCUSSION
4-1 : Cold seep related diagenesis
The mineralogy of the authigenic carbonate crusts and concretions from cold seeps of the Congo deep-sea fan is dominated by Mg-calcite with minor amounts of aragonite, these calcium carbonates being generally the most common minerals precipitated in sediments where pore fluids contain sulfate ions though to inhibit dolomite precipitation (Baker and Kastner, 1981) . There are different factors considered to favor precipitation of calcite over aragonite in seawater, such as low sulfate and Mg concentrations (Tucker and Wright, 1990 ) and a strong temperature effect with increasing calcite precipitation rates and decreasing aragonite precipitation rates at low temperatures (Burton and Walter, 1987) . Because bottom seawater is very cold (lower than 5°C, see below) in the deep Atlantic Ocean, it is more probable that temperature exerts the dominant control on the carbonate mineralogy of the carbonate crusts precipitating at the seafloor.
Another important diagenetic reaction concerns dissolution of biogenic silica as revealed by the abundance of diatom molds in the authigenic carbonates, which indicates that the two processes of amorphous silica dissolution/carbonate precipitation were coupled. This can be explained by AOM that increases pH and alkalinity in pore waters and thus changes silica and carbonate saturation levels.
Barite and pyrite are also diagenetic minerals that are frequently observed associated with authigenic carbonates from cold seeps. Barite represents a conspicuous mineral precipitating within the sediments in the sulfate/methane transition zone i.e. at the boundary between sulfate rich and sulfate depleted solutions (Fu et al., 1994; Torres et al., 1996; Aloisi et al., 2004; Castellini et al., 2006; Riedinger et al., 2006) . Pyrite is related to bacterial sulfate reduction in anoxic sediments. The presence of sulfate and sulfide minerals in association with the diagenetic carbonates argues for the upward flux of barium by ascending fluids and for the downward flux of sulfate from the bottom seawater to the sediment where it is progressively reduced to sulfide by microbial activity.
4-2 : Characterization of the diagenetic fluids
The oxygen isotopic composition of carbonates depends on the temperature and on the oxygen isotopic composition of the water, as well as on the mineralogy. The fractionation factor a for the calcite-water system is defined by the thermodynamic equation of Anderson and Arthur (1983) . For the aragonite-water system, the equilibrium d
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O values of aragonite were calculated using the equation of Grossman and Ku (1986) .
These equations were used to estimate the d
O values of the carbonate minerals precipitated at isotopic equilibrium with ambient conditions. The temperature of the bottom seawater at cold seep sites in the Congo deep-sea fan ranges between 5°C at the depth of BSR site and 2.5°C at the depth of Astrid and Regab sites; the d
O value of the bottom seawater averages 0.2‰ V-SMOW (Vangriesheim and Pierre, unpublished data). For this we have estimated the equilibrium d
O values for calcite (2.5 to 3.1‰ V-PDB) and for aragonite (3.6 to 4.2 ‰ V-PDB) in the temperature range from 5°C to 2.5°C. Departure from these values would indicate precipitation with fluids different from ambient bottom seawater.
The carbon isotopic compositions of diagenetic carbonates are related to the inputoutput balance of the inorganic and organic sources of carbon which controls the carbon isotopic composition of the total dissolved inorganic carbon reservoir of the pore fluids where carbonate precipitation occurs. In organic-rich sediments, the microbial processes dominate; when sulfate is present, its reduction by bacteria is fueled either by organic matter or by methane (or other hydrocarbons), following reactions (1) O-rich waters may come from the dehydration of clay minerals or from the decomposition of gas hydrates. Although the first possibility cannot be excluded, the second hypothesis seems to be more realistic in the case of the sites studied in the Congo deep-sea fan where gas hydrates have been observed outcropping at the seafloor and buried within the sediments.
The very low d
13
C values of the authigenic carbonates testify in favor of methane as the major source of carbon, oxidized as CO 2 by methanotrophic archaea. However, at the BSR site, which is relatively shallow and close to the continent, there is probably a significant contribution of carbon from organic matter oxidation to explain the 13 C-enrichment of the authigenic carbonates. Gas hydrate sampled at the Regab site presents a hydrocarbon gas composition and methane isotopic compositions (d (Charlou et al., 2004) . This oxidized methane would precipitate carbonate cement with a d
C value between -59
and -71‰ V-PDB, if we use the two extreme values of a CH 4 -CO 2 and a carbon isotope enrichment factor of 12‰ between CO 2 and solid carbonate (Bottinga, 1969) . The carbonate nodules that were extracted from the gas hydrate sediments have a d O-rich water and methane that was oxidized by archaea to form CO 2 , further precipitated as carbonate.
CONCLUSIONS
The authigenic carbonates from cold seeps of the Congo deep-sea fan provide a new example of carbonate mineralization related to microbial activity fueled by methane from venting fluids. They show numerous similarities but also specific characteristics compared to the authigenic carbonates from other methane seep sites. During diagenesis, the sedimentary matrix was cemented by carbonate, with the exception of diatoms that were completely digested but always remain visible as molds with frustule morphologies perfectly preserved. The mineral composition dominated by Mg-calcite is explained by the low seawater temperatures where precipitation takes place, rather than by a chemical control. Methane, either dissolved in venting fluids or in the form of gas hydrate, was the obvious source of carbon of the diagenetic carbonates as evidenced by their very low d Table 1 : sample description, chemical composition, mineralogy, oxygen and carbon isotopic compositions of the studied samples. The chemical compositions are expressed in weight % of dry sediment (oxide of major elements, LOI: Lost On Ignition) and in ppm (trace elements). The abundance of minerals is semi-quantitative (T: < 5%; X: 5 to 10%; XX: 20 to 50 %; XXX: > 50%). The oxygen and carbon isotopic compositions refer to the bulk carbonate.
